Splenic iron stores are negligible in prepuberal rats, increasing quickly from the age of 2 months (at which moment sexual differences become apparentl and stabilizing around 3 months, when females show values approximately two-fold greater than males.
Sex differences in the amount of iron stores in the rat were reported by Steenbock and coworkers in 1936 and by Otis and Smith (1940) and confirmed by Widdowson and McCance (1948) who claimed that such differences disappeared with the ablation of either ovaries or testicles.
The role of sex hormones has been explored by several authors. Bjorldid and Helgeland (1970) proposed that the synthesis of ferritin in the liver may be controlled through an indirect mechanism based on oestrogen-dependent depression of erythropoiesis; this hypothesis was rejected by Linder et a1. (1973) who attribute their results to Correspondence to: Miquel Borras, Department of Biology-Vertebrates, Faculty of Biology, Universitat de Barcelona, Diagonal 645, 08028 Barcelona, Spain. Tel: (93) 402.15.03; Fax: (93) 411.05.92 a more efficient iron absorption, and by Hershko and Eilon (1974) , who reported that total inhibition of erythropoiesis by hypertransfusion failed to suppress sex differences. Increased hepatic iron stores were observed after administration of oestrogens both in mice (Von Simon et a1. 1971) and in quails (Coturnix iaponica) (Planas 1976 , Garcia et a1. 1984 .
The scarcity and fragmentation of reported data and the contradictory conclusions presented, together with the lack of a systematic approach, led us to undertake the present study, with the aim of quantifying splenic iron stores in normal male and female rats, evaluating the effect of sex hormone suppression and exogenous administration, establishing the dose-response relation and describing the time sequence in the devel-opment of those stores. We also attempted to assess the effect of oestradiol treatment on the recuperation of splenic iron in rats in which it has been previously exhausted by chronic phlebotomy.
Furthermore, the high standard deviations reported in the literature suggested to us the need for some modifications to the analytical method.
Materials and methods

Animals
Three hundred and sixty-four female and 114 male Wistar rats (leo Wi (lOPS AF/Han)l were distributed into 48 experimental groups by means of a random allocation computer programme. The animals were maintained in conventional facilities (open system), at 21 ± 1°C and with a relative humidity of 50 ± 10% and total air renovation at a rate of 12 times per hour. The automatized dark/light cycle was of 12 hours. Tap water and Panlab A04 pellets were supplied ad libitum. The iron content of the diet was 240 mg/kg, and average food intake was 27 g/d (males) or 17 g/day (females).
Experimental design
In groups corresponding to the two first experimental blocks, splenic iron stores were measured histochemically in all the subjects; and colorimetrically in 10 animals of each group. In the remainder, iron was evaluated only by colorimetry. All surgical procedures were carried out under deep anaesthesia (sodium pentobarbital 45 mg/kg, Lp.). After adrenalectomy, 2 mg/rat i.m. of pentazocine lactate were administered as analgesia.
Quantitation of sex differences
Six groups of 20 male or female rats were killed at 1, 2 and 3 months.
Hormone-dependency
Four groups of 20 females were ovariectomized at 30 days. In two groups, each animal received daily, from 40 days of age, an intramuscular dose of 200/lg of oestradiol valerianate. Animals were killed when aged 60 or 90 days.
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Two groups of 10 females were ovariectomized at 30 days and adrenalectomized at 40 days, and killed when they were 90 days old. Both groups were supplied with saline instead of drinking water; for the second group, 20 mg of hydrocortisone were added per litre.
Three groups of 17, 20 and 17 males were orchidectomized at 30 days. Animals were killed at 60, 90 and 90 days of age respectively; those of the last group were given daily, from 40 days, an intramuscular dose of 125 flg of testosterone.
Development of iron stores
In 12 female rats the oestrus cycle was followed by vaginal smear between 21 and 52 days (11 observations). Twenty-one groups of six female rats each were killed at different times between 25 and 121 days of age.
Dose-response relationships
Groups of six females were ovariectomized at 30 days of age and then given, when 60 days old, a single intramuscular dose of 0,2,5,8, 11 or 141lg of oestradiol per rat. They were killed 14 days later for measurement of splenic iron stores.
Recuperation of splenic iron stores after phlebotomy
In five groups of six females, aged 2 months at the beginning of the experiment, 3-5 ml of blood were extracted weekly from the retro-orbital sinus for 7 weeks. Treatments were administered immediately after the last extraction and the animals killed after a rest period of 14 days. At that time, haematocrit and splenic iron stores were evaluated. The treatments received by each group were: (1) none (control); (2) iron-dextran, i.p., equivalent to 1mg Fe; (3) oestradiol valerianate, i.m., equivalent to 200/lg of oestradiol; (4) 1mg Fe+ 100 /lg oestradiol; (5) 1mg Fe+200 flg oestradiol.
Technical procedures
Histochemical evaluation of iron was carried out using the Prussian blue Perls reaction. Slides were examined blind by two independent observers. Iron deposition was scored according to a 0 to 4 scale (0= there is no stainable iron; 1= less than 50% of macrophages show individual, Peds-positive granules; 2 = Peds-positive granules, still individual, fill the cytoplasm of more than 50% of macrophagesi 3 = most of the macrophages are filled with intensely stained, coalescent granulesi 4 = at low magnification splenic red pulp is heavily blue stained and Malpighi nodules are compressedl.
The colorimetric technique for the estimation of splenic iron was based on the method of Torrance and Bothwell (1968) . In short, the technique includes extraction and oxidation of iron to ferric state in a hot acidic bath, reaction with phenanthroline, and quantitation of the absorbance at 540 nm with a photocolorimeter. The modifications proposed to the original method include the use of a standard line covering the entire range of expected readings and exposure of the standard ferric solutions to the hot acidic treatment in the same way as the tissue sample.
Vaginal smears were stained for 20 min in Giemsa solution (20 drops in 5 ml of distilled water).
Haematocrit was measured by a standard microtechnique.
Histochemical scores were compared by means of the Kolmogorov-Smirnov test for frequencies. For colorimetrical values, group means were compared using the Student-Fisher's t-test. Correlation between oestrogen doses and amount of iron deposition was studied according to a non-linear (rectangular Table 1 Splenic iron in intact and treated rats Borras hyperbole) model. In the ferrodeficiency study, overall variation was analysed by means of a one-way ANOVA (after assessment of normality and variance homogeneity), and differences between groups studied according to Peritz F-test for multiple comparisons (Harper 1984) .
Results
Sex differences and hormone dependency of splenic iron stores
Results for the colorimetric estimation of splenic iron are presented in Table 1 . The histochemical evaluations are shown in Fig  1. Immature animals (30 days) did not show sex differences, presenting values under 200 flg of iron per gram of tissue wet weight at the colorimetrical analysis. Histochemically, no trace of haemosiderin was detected. In 60-day-old animals splenic iron was assayed colorimetrically analysed at about 200 flg!g, and the slight tendency to present higher values observed in females was not statistically significant. However, microscopy reveals small deposits of haemosiderin in all the females, while only in 5% of male rats was it possible to detect trace amounts. The spleen of adult male rats contained about 600 flg/g of iron, while females showed approximately double. These observations are consistent with histochemical examinations and, in both cases, sex differences are statistically significant.
Gonadectomy did not lead to a significant decrease in splenic stores when animals were 31 killed at 60 days of age. When killed at 90 days there was no effect in males, while the splenic iron content of females was lowered to about 800/lg/g IP < 0.001). Females also presented lower histochemical scores, when killed at 60 or 90 days, but differences with intact groups of the same age are not statistically significant. Moreover, castration enhanced sex differences in 2-month-old animals IP = 0.004), which were maintained in those aged 3 months. The administration of oestradiol to ovariectomized females produced significant increases in splenic iron, up to 650/lg/g in 60-day-old animals and to more than 2200/lg/g in 90-day-old animals. Histochemical results are comparable.
Castrated males treated with testosterone did not show significant differences when compared with intact or with orchidectomized animals of the same age under colorimetrical analysis, although the testosteroneadministered group gave the lower values. On the contrary, histochemical scores were slightly higher in hormone-treated animals (P=0.0481·
Adrenalectomy produced a significant decrease in splenic iron contents (when compared with ovariectomized females), down to 545.3 ± 162/lg/g (mean±SD, P=0.002). This effect was not modified by 
Dose-response relation for the effect of oestradiol on splenic iron stores in ovariectomized rats
The dose of oestradiol administered and the amount of splenic iron gave a good fit to a model of rectangular hyperbolic correlation (Fig 31. The coefficient calculated was 0.996.
Recuperation of stores after phlebotomy
Phlebotomy caused a significant decrease in haematocrit values. However, haematocrit recovered spontaneously during the rest period: animals of the control group showing values equivalent to those treated with irondextran. Animals that received oestradiol showed haematocrit values slightly but
Development of splenic iron stores in female rats
Vaginal smears showed that animals presented their first oestrus between 38 and 41 days of age, and that the oestrous cycle continued from that point showing a normal sequence of phases. Splenic iron stores increased quickly from 55-60 days of age, stabilizing at values of around 1270 /lg/g when female rats were approximately 90 days old IFig 2). results, introducing a subjective factor, and the applicable statistics present low discriminatory power, requiring a higher number of animals. However, its sensitivity when iron amounts are very low and the possibility of identifying cell types makes it, in our opinion, a highly valuable tool. In contrast, colorimetric techniques (Torrance & Bothwell 1968 , Barry 1974 , Van Eijk et al. 1974 have been widely used for quantitative analysis of iron in animal tissues, and are considered a good alternative when atomic absorption technology is not available (Kreeftenberg et al. 1984) . Ferric salts reacting with phenanthroline darken as a function of time, so introducing a variable error in these OD measurements;
the oxidizing action of acids efficiently stabilizes the readings. This alteration of colour has been mentioned by Kreeftenberg et al. (1984) , significantly lower than controls, specially those not supplemented with iron (Fig 41. Oestradiol proved to have a positive effect ( Fig 5) on the replenishment of splenic iron stores after phebotomy (totally exhausted in the control group) animals that received the hormone showing higher values than those treated with iron-dextran and iron levels rising even higher when both treatments are combined. Differences were not always statistically significant, because of the high standard deviations obtained. However, the highest level reached is equivalent only to mg oestradiol/rat Fig 3 Dose-response relation of oestradiol against splenic iron stores (determined by colorimetry in groups of six ovariectomized females) according to a rectangular hyperbolic model. The amount of iron (/Ig/g of spleen wet weight) found for the nontreated group was 835 ± 80.7. To force the regression line through zero, we substracted this value from every individual measurement. All values mean ± SD of the mean with reference to atomic absorption techniques, but the use of a unique, very diluted standard solution may cause it to be overlooked when applying the original protocol. Since iron amounts, in our assays, were often high enough to exhaust the phenanthroline, we chose to increase the volume of the chromogen instead of diluting the sample as proposed by Torrance and Bothwell (1968t to minimize the error. With our protocol we have achieved a reduction in the overall variation of results. For example, using the original technique Cook et al. (1973) found as normal values in spleen 682 ± 224.5 J1g/g (adult males), 927 ± 253 (adult females) and 200 ± 149 (2-month-old females); our equivalent results are 624.8 ± 125, 1274±256 and 254±67. Park et al. (1987) , for 8-month-old male Sprague-Dawley rats, present a value of 951 ±481 J1g Fe/g of wet spleen. All the above values are expressed as mean±SD.
On the other hand, we have verified that in situ perfusion of the spleen with saline does not significantly alter the final values found, in accord with Torrance and Bothwell (1968) , but in disagreement with a remark (although not supported by quantitative data) of Kreeftenberg et al. (19841. The present study shows sex differences in splenic iron stores to begin at approximately 14-15 days after the onset of puberty. This lapse of time is equivalent to that required to obtain increased iron deposition after administration of oestrogens to mice (Von Simon et al. 1971) . At this age, morphological methods have proved to be more sensitive than colorimetry. However, the following should be borne in mind: (1) Perls reaction only stains haemosiderin, while colorimetry detects total non-haem ironj and (2) the ratio ferritin/haemosiderin is significantly higher in young animals than in adults (Cook et ill. 1973) .
When animals are 3 months old the differences are highly significant by both analytical techniques, but colorimetry is now the more discriminating method, allowing a better quantitation and the use of more powerful statistics.
The castration, adrenalectomy and hormone replacement studies reported here 295 show that the amount of splenic iron stored depends directly on circulating oestrogens and is not significantly affected, in our experimental conditions, by testosterone. In this respect, our results are in disagreement with the observations of Hershko and Eilon (1974) who state that testosterone and oestradiol are equally capable of modifying iron exchange and that sex difference in normal animals are the result of the opposing actions of both hormones. Moreover, these authors report that, in adults, castration abolishes sex differences. By contrast, in our study, castration enhances the difference when animals are killed at 2 months and decreases it (although still significant) in 3-month-old rats. Male and female splenic iron stores become similar only after the adrenalectomy of females. However, we must note that the results of Hershko and Eilon are not strictly comparable to ours because in liver iron stores are mainly constituted by ferritin, while haemosiderin is the major form in the spleen.
The role of oestrogens in iron deposition is emphasized by the high correlation found between splenic iron values and the administered doses of hormone. The choice of rectangular hyperbolic regression supports the concept of a saturable model (iron contained within reticulo-endothelial cells).
Our experimental protocol does not allow any conclusions on mechanistic aspects. However, the increments in serum transferrin level and total iron binding capacity following the administration of oestrogens, both in laboratory animals and in humans (Garcia et al. 1984 , Frassinelli-Gunderson et ill. 1985 and, in particular, their enhancing effect on the transcription of the transferrin gene (Tsal et ill. 1976 , Lee et al. 1978 , McKnight et al. 1980 , McKnight et ill. 1980 , possibly resulting in chronic sideropenia at the level of the duodenum luminal cells and, in consequence, in an increased iron absorption, may offer an explanation compatible with our results.
The increase in serum and tissue iron in women using oral contraceptives is largely attributed to reduction in volume and duration of menstruation (Larsson et al. 1992 , Masse & Roberge 1992 . Protective effect of endogenous oestrogens against cardiovascular risk, related to iron status, is also considered to be due to menstrual bleeding (Bergeet a1. 1994). Ferrodeficient animals that received oestradiol showed haematocrit values lower than controls. Two known, oestrogen-mediated mechanisms could explain such a tendency: the depression of erythropoiesis and the increase of plasma volume (Korenchevsky & Hall 1945 , Gordon et a1. 1968 , Capel-Edwards et a1. 1971 .
Hormonal treatment failed completely to recover splenic iron levels in phlebotomized subjects. However, a longer, repeated-dose treatment might have achieved a satisfactory replenishment of tissue stores.
The present results suggest that further consideration should be given to hormonal influences on the treatment of anaemia in man and laboratory animals. Although the presently accepted treatments of oral iron rapidly normalize plasma concentrations, the restoration of tissue iron reserves takes much longer, with the risk of relapse in the face of extra iron requirements. Thus oestrogens could prove a valuable adjunct to therapy.
